The combination of wavelength-scale features and design flexibility offered by holey fibers leads to a significantly broader range of optical properties than is possible in conventional optical fibers. Of particular interest, holey fibers offer the combination of broadband single mode guidance and large mode areas, and such fibers are promising for high power delivery applications such as including laser welding and machining, and for fiber lasers and amplifiers. Holey fiber technology has now reached the point that kmlengths of polymer-coated fiber with less than 1dB/km loss at l55Qnm are possible. As well as being of fundamental scientific interest, the novel guidance properties of holey fibers can be exploited to develop technologically important devices. Here recent advances in holey fibers will be presented, with a particular focus on recent results in developing holey fiber-based lasers.
INTRODUCTION
Since the first microstructured optical fiber was made in 1996 [lJ, progress in this field has been explosive. The holes that run along the length of these fibers act as the fiber cladding, and light can be guided using either one of two quite different mechanisms. Index-guiding microstructured fibers guide light due to the principle of modified total internal reflection, and such fibers are widely known as holeyfibers (HFs). The holes effectively lower the refractive index in the cladding region, confining light to the solid core. The basic operation of HFs does not depend on having a periodic array of holes [2] . However, in practice the holes are often arranged on a hexagonal lattice, and so these fibers are sometimes called photonic crystal fibers. Unlike conventional fibers, HFs can be made from a single material, typically un-doped silica, although other materials have also been used [3, 4] . Some typical HFs are shown in Figure 1 .An alternative guidance mechanism can operate if the holes are arranged on a periodic lattice [5] . Such structures can exhibit photonic bandgaps, and frequencies located within the bandgap cannot propagate within the cladding [6] . By breaking the periodicity of the cladding (e.g., by adding an extra hole to form a defect), it is possible to localize light, and so light can be guided within well-defined frequency windows. These photonic bandgap fibers can be designed to transmit at near-infrared wavelengths. The effective refractive index of the cladding in an index-guiding HF can vary strongly as a function of the wavelength of light guided by the fiber. In addition, the optical properties of index-guiding HFs are determined by the configuration of air holes used to form the cladding, and many different arrangements can be envisaged within this flexible fiber type. Simply by scaling the dimensions of the features within the fiber profile, HFs can have mode areas ranging over three orders of magnitude [7] . Fibers providing tight mode confinement can be used as the basis for devices based on nonlinear effects {8], whereas large mode fibers allow high power operation [9] . In addition, these fibers can exhibit properties not readily attainable in conventional optical fibers, including broadband single-mode guidance [10] and anomalous dispersion at wavelengths down to 550nm [1 1] . In recent years holey fibers have matured into a technology with the potential to revolutionize many application areas including communications, sensing and fundamental science. Here we provide an overview of the properties and applications of this emerging fiber type with a particular emphasis on prospects for using these fibres for high power delivery and generation applications.
FABRICATION AND DESIGN
The vast majority of holey fibers produced to date have been fabricated using stacking techniques, and this approach was used to make all fibers shown in figures 1 and 2. Capillary tubes are stacked in a hexagonally close-packed configuration, and the central capillary can then be replaced with a solid silica rod, which ultimately forms the core of the fiber. This macroscopic preform is then reduced in scale on a fiber drawing tower either in a single step, or, if small-scale features are required in the final fiber, two scale reduction stages can be used. The parameters that characterise a HF profile are the hole-to-hole spacing (A), the hole diameter (d) and the number of rings of holes used to define the cladding region. The stacking procedure is particularly flexible: holey fibers suitable for active devices can be made using a doped core rod, and multi-core fibers can be produced by introducing multiple rods into the stack.
Although stacking is the principal technique that has been used to make holey fiber preforms thus far, other techniques have recently been demonstrated. Silica holey fibers have been made using sol-gel casting techniques [12J, and the preform can be extruded directly from bulk glass when glasses with low-softening temperatures are used [13] . Such techniques offer the prospect of fiber designs that could not be envisaged with stacking techniques (and vice versa).
As mentioned in Section 1 , HFs can have a range of novel optical properties that are not possible in conventional fiber types. In order to exploit these properties, it is crucial to have accurate techniques for predicting the optical properties ofthese fibers. The complexity of the transverse refractive index profile in HFs generally precludes the direct use of analysis methods from traditional fiber theory. In addition, the presence of wavelength-scale holes in HFs introduces a number of challenges for accurate modelling. However, some insight into the operation of HFs can be obtained using a simple scalar effective index model [10] , which replaces the holey cladding with a uniform material with the same effective refractive index. At any given wavelength, this effective index is obtained by solving the scalar wave equation in a hexagonal cell centred on a single hole. The properties of the equivalent step-index fiber can then be evaluated using the calculated (strongly wavelength dependent) effective cladding index. It is this strongly wavelength-dependent cladding index that leads to many of the novel properties of holey fibers. The effective index method correctly predicts the endlessly single-mode guidance regime for HFs with small air-filling fractions (d/A<O.4). However this reduced model cannot accurately predict properties such as dispersion or birefringence that are sensitive to the cladding geometry. In addition, to date no satisfactory method for ascribing parameters to the equivalent fiber has been found that works for all designs and wavelengths [14] , and it is in general necessary to resort to full numerical models.
For accurate predictions, it is typically necessary to account for the spatial distribution of air holes, and here a range of techniques are mentioned. Many of these techniques have been applied to index-guiding and bandgap fibers. A combination of techniques is in general required to obtain a complete description of any microstructured fiber. When the index contrast between core and cladding is large (d/A>O.5), the weakguidance (scalar) approximation breaks down, and it becomes necessary to adopt vectorial methods.
Beam propagation methods can also be used to calculate the properties of HFs [15] , as can the finite element method [16] . In the finite element method, the fiber profile is partitioned into distinct homogeneous subspaces. By solving discretized Maxwell equations for each element, and imposing continuity conditions on the element boundaries, it is possible to calculate the modal fields of an arbitrary HF structure. Both of these techniques are relatively inefficient computationally. The plane wave method [17] describes the magnetic field in terms ofplane waves. To incorporate the core, it is necessary to create a supercell including the core that is then periodically repeated. This approach is also computationally intensive since many plane waves are required for an accurate description. An alternative approach exploits the localisation of the mode in the core, and so is more efficient than the plane-wave methods [1 8] . Both techniques can be used to predict the properties of arbitrary HF profiles.
Most of the modelling performed to date has considered hexagonal arrangements of air holes. Group theory arguments can be used to show that all perfectly symmetric structures with higher than 2-fold symmetry do not exhibit form birefringence [1 9] . However, as the techniques described thus far are based on a Cartesian grid, they typically predict a small degree ofbirefringence that can be reduced but not eliminated by using a finer grid. However, when modelling asymmetric structures with a form birefringence that is significantly larger than this false birefringence, it is possible to make useful predictions. 
HIGHLY NONLINEAR FIBRES

Overview
One particularly promising application of holey fiber technology is in the development of fiber devices based on nonlinear optical effects [6] . Nonlinear effects can be used for a wide range of optical processing applications including data regeneration, wavelength conversion, demultiplexing, and Raman amplification.
There is great interest in the development of fibers with high values of effective nonlinearity per unit length, and here we review the optical properties of these small-core fiber designs, and describe some of the emerging device applications of this new class of fibers.
A measure of fiber nonlinearity is the effective nonlinearity y=2irn2/(XAff) [22] , where n2 is the nonlinear coefficient of the material, ? the wavelength and Aeff 5 the effective mode area. Even though silica is not a particularly nonlinear material (n22.2x 1 020m2/W), the nonlinear properties of silica optical fibers can be utilized when high light intensities are guided. Conventional Coming SMF28 fiber has 'yl W'km' at 1550nm. By reducing the core diameter (reducing Aeff), and using high germanium concentrations within the core, (which both enhances n2 and improves the confinement of light) values of y as large as 20 W1kn11 have been achieved in conventional fibers [23] .
Holey fibers can have a significantly larger NA than solid fibers because the cladding can be mostly comprised of air when the air-filling fraction is large (i.e. large dIA), and so light is confined more tightly within the core. When large air-filling fractions are used in combination with wavelength-scale cladding features, small mode areas, and hence large values of y, can be achieved. One example of such a highly nonlinear silica holey fiber is shown in figure la. Effective fiber nonlinearities of more than y'6OW'km1 at 1550nm have been measured in pure silica holey fibers [25] . Hence, it is possible to achieve fiber nonlinearities more than 50 times higher than in standard telecommunications fiber.
Highly nonlinear The combination of wavelength-scale features and a large refractive index contrast can lead to large form birefringence effects in this fiber type. For example, the fiber in figure ib, which has an elliptical core has a measured beat length ofjust 0.3mm at 1550nm, and the polarization extinction ratio is 18dB. Indeed, even relatively subtle asymmetries can led to noticeable birefringence in small-core fiber designs.
Moving to high refractive index glasses, it is possible to access significantly larger material nonlinearities [3 1] . The combination of HF technology and compound glass is attractive for a number of reasons. Singlematerial fiber designs avoid core/cladding interface problems, and so should ultimately allow fibers to be drawn from a wide range of glasses. Also, compound glasses generally have significantly lower softening temperatures than silica, and so are amenable to a broader range of HF preform fabrication techniques. In addition, HFs offer extremely high fiber nonlinearity through the combination of a large material n2 with tight mode confinement. This was demonstrated in Ref. [13] in an extruded SF57 fiber, which represents the first demonstration of single-mode guidance in a non-silica HF. The effective nonlinearity of this fiber was measured to be y55O W1km' at 1 550nm, more than 500 times more nonlinear than standard optical fiber. Such fibers promise a route towards nonlinear fiber devices with unprecedentedly low operating powers (10-100 mW) and remarkably short device lengths (0.1-1 m).
Device applications
To date most HF communication device work has concentrated on the use of small core silica HFs, which have around 50 times the nonlinearity of standard fibers. This reduces the typical power-length product requirements of such devices to the 10 W.m level. Here we review a selection of holey fiber device demonstrators that highlight some of the key features of nonlinear holey fibers. These early demonstrators give insight into the device possibilities and performance that can ultimately be expected with further improvements in this technology.
The first true demonstration of the use of holey fiber to perform a function required within telecommunications was reported in 2001 and concerned 2R-optical regeneration and optical thresholding [37] . The regeneration technique employed had previously been demonstrated using conventional fibers by Mamyshev [38] and makes use of spectral broadening of a pulse due to 5PM. The HF that was used for this demonstration is shown in figure 2(a) . A filter is set with its peak transmission wavelength offset from the central wavelength of an incoming data stream such that low power pulses propagating within the HF generate little 5PM and are thus largely rejected by the filter. By contrast higher power pulses generate appreciable 5PM (see figure 2b) such that significant power is now generated at wavelengths within the filter passband. These spectral components are then transmitted by the filter. It can be shown that around some critical input pulse intensity I the intensity of the output pulses I becomes independent of I, providing I is large enough to produce sufficient 5PM. Such a nonlinear response can be used as a means to provide 2R regeneration since 'noisy' zero bits are suppressed and noisy 'one' bits have their intensities equalized. The reshaping part of the 2R process is obtained through the narrowband filtering process itself assuming that a filter with an appropriate phase and amplitude response matched to the incoming pulse response is used. A plot of a typical nonlinear transmission response for such a switch is shown in figure   2 (c). The S-shaped transmission characteristic is just as required for 2R-regeneration and optical thresholding applications. In this particular instance the length of holey fiber used was 8.7m, and the operating switching power was 2W. This particular switch was used as an optical thresholder within an Optical Division Multiple Access (OCDMA) receiver and allowed error-free performance with reduced power penalty relative to a simple linear receiver [41] . In the earliest experiments of this approach regenerative operation ofa 3.3m switch was reported with a pulse operating power of 16W [39J.
..,. It is also possible to extend the spectral broadening followed by offset narrowband filtering technique to work using cross-phase modulation (XPM) and thereby to allow for signal wavelength conversion [40] . In this instance a continuous wave probe beam, or indeed multiple probe beams, are launched into the holey fiber along with the data signal. XPM between the control signal and the CW beams results in chirping of the CW laser beam where these beams overlap temporally within the fiber. This frequency chirping can then be converted to a frequency converted signal by passing this chirped signal through a narrowband filter to eliminate the residual unchirped CW signal and the original data signal. Note that in order to get the most stable operation of the filtered SPM and XPM schemes described above it is best to use holey fibers with normal rather than anomalous dispersion since coherence degradation is known to result in amplitude noise when anomalously dispersive fiber is used [30] . Fortunately, the combination of high nonlinearity and normal dispersion can readily be achieved using holey fiber technology.
An alternative, and more flexible approach for frequency conversion, is based on four-wave mixing (FWM). FWM is particularly attractive for wavelength conversion due to its relative transparency to both bit-rate and modulation format [42] . Highly efficient, broadband wavelength conversion based on FWM in optical fiber requires high nonlinearity, a low value of dispersion, a low dispersion slope, and a short fiber length to reduce the phase mismatch between the interacting waves [45] . The reduction of stimulated Brillouin scattering (SBS) effects is also critical in order to suppress SBS induced pump power loss. Holey fiber is of great potential interest for this application since it is possible to produce fibers with a high Kerr nonlinearity, high SBS threshold and low normal dispersion such that a relatively broad device bandwidth with good conversion efficiency can be achieved. The high SBS threshold is obtained by varying the holey fiber structure along the fiber length so as to broaden the Brillouin gain bandwidth [46] .
The results of a 1 OGbit/s NRZ four wave mixing based wavelength conversion experiment employing a 15m length of holey are shown in figure 3 . The measured nonlinearity coefficient 'y of the fiber is 6O±lO W'km1 and the measured group velocity dispersion (GVD) was -30 ps/nm/km at a wavelength of 1550 nm. Due to structural variation along the fiber length the Bnllouin linewidth ofthe fiber was approximately 50 MHz, two to three times broader than would be expected for a longitudinally uniform silica fiber. The SBS threshold was measured to be -42O mW and which was well above the power level required to get efficient four wave mixing. The HF output spectrum at the end of the fiber is shown in figure 3 (left) . A strong FWM wavelength converted signal is clearly evident at a wavelength of 1544 nm despite the short fiber length and second and third order idler beams are also even observable. After the HF we used a compression tuneable, apodized fiber Bragg grating (FBG) filter to suppress the input signal and pump beam and to pick out the wavelength converted signal. Figure 3 (right) shows the measured conversion efficiency, which is defined as the ratio of output wavelength-converted signal power to the input signal power. A maximum conversion efficiency of -16 dB was achieved over a 3 dB bandwidth of -4Onm
(further details can be found in Ref.
[25]). Although the previous device examples made use of the elastic third order Kerr nonlinearity, it worth noting that the tight mode confinement/unusual dispersion effects can also be used to similarly good effect to enhance the performance of fiber devices based on other fiber nonlinearities. For example, poled HF devices based on second order effects should be possible with conversion efficiencies and operating bandwidth two orders of magnitude greater than can be achieved with standard fibers [47] . Similarly, it should be possible to make HF Raman and Brillouin devices with greatly reduced operating powers or Using a fiber similar to that shown in figure 2, a HF Raman amplifier was demonstrated [46] . The 75m long amplifier was configured for co-propagating pump and signal and was pumped using a diode seeded EDFA MOPA. The signal light was generated from a continuous wave external cavity laser tunable in the range 1600-1640nm. The maximum peak pump power that we could launch into the HF was 6.7W, and the maximum launched signal power was -O dBm. The loss of this fiber and nonlinear coefficient were measured to be 40 dB/km and 'y=32W'km' respectively. The 75m of HF thus has an effective nonlinear length Leff of just 54m. Small signal gains as large as 42.8dB, and noise figures as low as 6dB were obtained at l64Qnm. The observed variation in gain with wavelength was in good agreement with our expectations based on published data on the Raman lineshape of silica. As well as investigating the performance of the HF as a pure Raman amplifier we also performed a Raman modulator/erasure experiment and extinction ratios in excess ofl 1 dB were obtained for peak powers of5W and above.
LARGE MODE AREA HOLEY FIBERS
At the opposite end of the design range, large mode area fibers are important for a wide range of applications most notably the generation and delivery of high power optical beams. Large mode area single-mode fibers can be made using conventional fiber doping techniques such as modified chemical vapour deposition by reducing the numerical aperture (NA) and increasing the diameter of the fiber core. Holey fibers offer an attractive alternative route towards large mode areas [9] . Large mode area holey fibers (LMHFs) can be produced either by using a large hole-to-hole spacing (A>5tm) and/or a small air-filling fraction (d/A<O.3). Single mode HFs with mode areas as large as 68Otm2 at 1550nm have been produced [34] , and figure 1(c) shows an SEM of a pure silica LMHF. In addition to offering large mode areas, LMHFs can be single-moded at all wavelengths. This is in contrast to standard optical fibers, which exhibit a cut-off wavelength below which the standard fiber becomes multi-moded. HF technology also provides a potentially more accurate route to controlling the index difference between core and cladding regions.
As for conventional fibers, macroscopic bend loss ultimately limits the mode area scaling that can be utilized in these fibers. In conventional solid fibers, bend loss increases at long wavelengths, because the fiber becomes more weakly guiding, and thus is more susceptible to bend loss. In addition to this long wavelength bend loss edge, HFs possess a loss edge at short wavelengths [9] . In essence, light can also escape from the bent fiber by leaking between the cladding holes. Unsurprisingly, the critical bending radius below which catastrophic bend loss occurs, and the spectral width and location of the operational window between the short and long-wavelength loss edges are both determined by the cladding geometry. Hence, to design practical LMHFs, it is crucial to have methods for estimating the impact ofbend loss.
Previous work on conventional fibers has identified two distinct bend loss mechanisms; transition loss and pure bend loss [33] . As light travels into a curved fiber, the mode distorts, causing a transition loss (analogous to a splice loss) between straight and curved fiber sections. Pure bend loss occurs continually along any curved section of fiber: the tails of the mode cannot travel fast enough to negotiate the bend, and are thus lost. The results described above have focussed on pure bend losses, which are the dominant form of bend loss in long fiber lengths. However, for shorter fiber lengths, or for fibers containing microbends, transition loss can dominate pure bend loss. Although effective index methods can provide some useful bend loss estimates, in order to obtain a full description of the bend loss characteristics of LMHFs, it is in general necessary to account for the complex cladding configuration. For example, measurements indicate that the orientation of the bend in the fiber relative to the holes can have a noticeable effect on the bend loss characteristics [37] . The propagation of light in a fiber with a radius of curvature R can be modelled by scaling the transverse refractive index profile via: (1+(2rcosa)/Ro)112, where the coordinates are defined in Ref. [38] . By applying this transformation to the complex HF cladding geometry the modes of the bent fiber can be calculated directly. Some examples are shown in Figure 5 .It is clear that the properties of the bent mode depend on the wavelength, the bend radius and the orientation of the bend relative to the holes within the fibre cladding. Using these modes of the bent fibre, both transition and pure bend losses (PBL)
can be predicted. In the cases shown here, PBL dominates, and the values for the PBL for the bends considered in Figure 5 are shown on the figure. This approach allows trends relating to the details of the cladding geometry and angular orientation of the fiber to be identified [37] . 
ACTIVE HOLEY FIBERS
Although holey fibers can be made from a single material, it straightforward to extend capillary stacking fabrication techniques to allow the production of doped fibers, and many of the properties of HFs have benefits for active devices. HFs incorporating Er core large air filling fraction HFs extend this range to 550nm [9] . Such fibers have a high effective nonlinearity, which allows soliton formation withjust pJ pulse energies in meter long fiber lengths [54].
Here we describe a continuously tuneable soliton source operating from 1 .06-1 .33jim based on HF technology. A fuller exposition of this work can be found in Ref [28] . This source is seeded by a diodepumped 1 .O6tm Yb3tdoped silica fiber laser, and relies upon SSFS effects in an Yb3tdoped holey fiber amplifier. The fiber used in these experiments is shown in figure 1(b) . This fiber is single mode for all wavelengths considered here, and has an effective mode area ofjust Ae2.5.tm2 at 1 .55tm.
The mode-locked seed laser produces pulses at 1 .O6jtm with a positive linear chirp, which are launched into Yb3tdoped HF amplifier, together with a pump beam from a diode laser to control the gain, as shown by the schematic in Figure 6 . Because of the amplification and nonlinear evolution of the pulses as they pass through the amplifier, Raman solitons form and are continuously wavelength shifted via the SSFS. Since the nonlinear evolution of the pulses depends on the pulse peak power, the wavelength of the Raman solitons at the amplifier output can be tuned by varying the gain in the amplifier. Using '-5m of amplifier fiber, monocolour soliton output pulses have been wavelength tuned from 1.06-1 .33jtm, as shown at the bottom of Figure 6 . At higher pump powers the change in gain distribution causes the Raman solitons to form earlier within the amplifier, thereby leaving them a greater length of fiber within which to walk-off to longer wavelengths through the SSFS. Mode locked laser lgthC$xn)
Cladding pumped fiber laser
The preforms for the large mode area HFs described in Section 4, like most holey fibers, are produced using capillary stacking techniques. It is straightforward to extend this approach to allow the production of all-glass double-clad fibers, and an example is shown in figure 1(d) . The approach is attractive for high power active fiber devices, because it allows the use of cladding pumping, and here we review some recent laser demonstrations based on double-clad HFs (a detailed description can be found in Ref.
[56]). The fiber in figure 1(d) has an Yb3tdoped core surrounded by an inner cladding consisting of 5 rings of small (d2.7tm) holes separated by A9.7xm. The inner cladding NA was measured to be 0.3 in a lOcm fiber length. Two rings of larger holes define the outer cladding. Note that the core is offset, which breaks the cladding symmetry, and hence enhances the pump absorption.
A Ti:Sapphire pump laser operating at 976nm was used to examine the laser performance of the fiber. The free-space pump coupling efficiency was 7O%, and the laser cavity was formed by the '-4% Fresnel reflection from the launch end and a high reflector placed at the other end ofthe fiber. Slope efficiencies as high as 82% were recorded in a 4m fiber length, comparable to the best conventional ytterbium fiber lasers.
As expected, the output beam was robustly single-mode. Due to the low NA of the inner core/cladding structure, a significant fraction of the pump was launched into the inner cladding, and so this laser acts as a hybrid core/cladding pumped fiber laser.
A cladding pumped laser was realized using a low brightness 9l5nm fiber-coupled laser diode. Again using a Fabry-Perot cavity, average powers in excess of 1 W were achieved in 7.5m fiber length, with a measured slope efficiency of 70%. Furthermore, both Q-switched and mode-locked operation were demonstrated in this cladding-pumped HF laser. In the mode-locking experiments, fundamental modelocking was obtained over a wavelength tuning range in excess of 6Onm, as shown in Figure 7 (right). The pulse duration was estimated to -4OOps. An output power of more than 500mW was achieved for a pump power of 1 .33W. Ultimately, it should be possible to develop compact multi 1 OnJ femtosecond pulse sources operating at 1 pm using LMA HF.
The ultimate advantages of these fibers relative to polymer coated dual clad fibers are that they allow for all-glass structures, with inner cladding NAs in excess of 0.5 and good pump/mode mixing. In addition, they offer the combination of single-mode guidance and large core dimensions. In device terms, these features translate to the possibility of higher coupled diode powers, shorter device lengths and extended tuning ranges. Consequently holey fibre technology represents a most interesting proposition for application in the future power scaling ofboth continuous wave and pulsed fibre laser systems. 
CONCLUSION
The field of holey optical fibers has developed rapidly, and a wide range of robust, low loss index-guiding HFs can now routinely be fabricated. The novel guidance regimes that have been identified in these fibers promise to lead to a new generation of optical devices with tailor-made optical properties. One of the objectives of this paper has been to describe a range of recent research results that exploit the unique features of holey fibers. One area in which significant progress has been made recently is the field of highly non-linear index-guiding holey fibers, and recent developments in this area include optical data regeneration, wavelength conversion, generation of supercontinuum spectra, and a range of new source and amplifier technologies. As holey fiber technology matures, it seems likely that the many unique features of these fibers will lead to numerous applications within telecommunications and beyond. 
